We developed a photoacoustic ocular imaging device and demonstrated its utility in imaging the deeper layers of the eye including the retina, choroid, and optic nerve. Using safe laser intensity, the photoacoustic system was able to visualize the blood distribution of an enucleated pig's eye and an eye of a living rabbit. Ultrasound images, which were simultaneously acquired, were overlaid on the photoacoustic images to visualize the eye's anatomy. Such a system may be used in the future for early detection and improved management of neovascular ocular diseases, including wet age-related macular degeneration and proliferative diabetic retinopathy.
limit for eye exposure [11] . Transducers with central frequencies of 15 and 25 MHz (A319S-SU and V324-SU by Panametrics with 60% bandwidth focal length of 25 mm and element sizes of 13 and 6 mm, leading to axial resolutions of 83 and 50 μm and lateral resolutions of 200 and 240 μm, respectively) were used to acquire both pulse-echo and photoacoustic images. The transducers were focused on the retina surface, and a precision xyz stage (U500, Aerotech) was used to move the transducer and the fiber ring along a planar two-dimensional trajectory in steps of 250 μm. At each position, the transducer was used to acquire both photoacoustic and ultrasound A-scans, which were later combined into one overlaid three-dimensional (3D) intensity image. The laser pulses were sampled using a silicon photodiode (DET10A, Thorlabs) to synchronize the acquisition and compensate for pulse-to-pulse variations in laser intensity. The analog photoacoustic signals were amplified using a variable gain preamplifier (5072PR, Panametrics) and digitized using an oscilloscope (Infiniium 54825A, Agilent).
The instrument was used to scan an enucleated pig's eye [ Fig. 2(a) ], providing perfectly coregistered ultrasound [ Fig. 2(b) ] and photoacoustic images [Figs. 2(c) and 2(d)]. The adult pig's eye is a readily available well-established model in ophthalmology owing to its similar size to the human eye, approximately 22 mm in length compared to 24 mm in humans. The photoacoustic and ultrasound images were taken using a 15 MHz transducer that was immersed in room temperature water together with the pig's eye. The image took 60 s to acquire and consisted of 63 A-line scans 250 μm apart with eight averages per A-line. We anticipated the blood content in the enucleated eye to be greatly reduced. Therefore, a wavelength of 700 nm was used to maximize both the blood photoacoustic signal and the depth of penetration. However, since the melanin absorption is significant at this wavelength, significant photoacoustic signals are observed from the iris and the retinal pigment epithelium, an epithelial monolayer between the retina and the choroid. The anatomy of the eye can be appreciated from the ultrasound image . The optic nerve sheath, which in living animals contains the blood supply for the eye, showed no photoacoustic signal. This is because the enucleated pig eye was cut at the optic nerve, thus draining it of blood.
Additionally, we scanned the eye of living rabbits [ Fig. 3(a) ] with the photoacoustic instrument. We used female New Zealand white rabbits (albino), 6-8 weeks of age, in accordance with the Association for Research in Vision and Ophthalmology Statement Regarding the Use of Animals in Ophthalmic and Vision Research, after the approval from the Stanford University Animal Institutional Review Board. The rabbits (N=3) were anesthetized using ketamine (35 mg/kg, intramuscular), xylazine (5 mg/kg, intramuscular), and glycopyrrolate (0.01 mg/kg, intramuscular) administered before the procedure and another half dose every 45 min. The rabbit's temperature as well as heart and respiratory rates were monitored every 15 min. Pupillary dilation was achieved by 1 drop of 1% tropicamide and 2.5% phenylephrine. At the end of the experiment, rabbits were sacrificed using a lethal injection of Beuthanasia (150 mg/ kg, intravenous). Fig.3(a) ] sampled in steps of 250 μm. A viscous ophthalmic contact gel (Gonak, Akorn) was applied to the eye to couple the ultrasound waves to the transducer through a plastic wrap water bath. This allowed for acoustic coupling of the eye to the transducer without applying pressure, which could affect the ocular blood volume.
The vertical photoacoustic image slice in Fig. 3(d) demonstrates the instrument's ability to visualize the posterior eye with a high depth of penetration, far beyond the retinal depth of 130 μm in rabbits and 320 μm maximally in humans. The red dotted box in Fig. 3(a) , represents the boundaries of the horizontal photoacoustic image slice in Fig. 3(b) . The depth of the horizontal image is noted by the dashed red line in the vertical ultrasound slice [ Fig. 3(c) ]. The horizontal image gives a good view on the blood distribution in the posterior eye. However, owing to the system's limited resolution, it is possible that several blood vessels may seem as one. These images demonstrate that safe laser intensities can generate measurable photoacoustic signals in the back of the eye, both in the retina (total thickness of 130 μm) as well as in the choroid and sclera layers.
A 3D rendering of the ultrasound and photoacoustic images of the rabbit's eye is shown in Fig.  4 . The rendering was done using the commercial software (Amira, Visage Imaging). The cornea, posterior lens, and posterior pole of the eye are visualized in the ultrasound image while the optic nerve and posterior pole are visualized in the photoacoustic image due to their high volume of hemoglobin or melanin.
In summary, we demonstrated photoacoustic imaging as a viable noninvasive technique for imaging blood distribution in the eye with a high depth of penetration. The photoacoustic images show clear signals from the deep layers in the eye, including the choroid, sclera, and optic nerve. Such blood distribution information may be important for the diagnosis of wet age-related macular degeneration, as well as prove useful as a preclinical imaging tool for ophthalmic drug development. In the future, the spatial resolution of the image can be improved by tighter focusing of the laser beam on the retina [12] . The speed of acquisition can be improved by using lasers with higher pulse repetition rates. Finally, photoacoustic molecular imaging agents [10] can be used to target specific disease-associated receptors in the eye, such as the vascular endothelial growth factor receptor. To our knowledge, this is the first demonstration of photoacoustic imaging of the eyes of a living animal. We hope that this work will stimulate further work in the area of photoacoustic ocular imaging. (Color online) Schematic of the photoacoustic and ultrasound imaging instruments developed and a virtual eye target with anatomical labels. (Color online) 3D visualization of the photoacoustic signal from the posterior eye of a living rabbit (red) overlaid on an ultrasound image of the whole eye (green) to highlight the eye contours.
